Nicotinamide is presently tested for its potential benefit in preventing Type I (insulin-dependent) diabetes [1] . This is based on the observation that nicotinamide prevents losses in rodent beta-cell numbers or functions following exposure to toxic agents. Treatment of prediabetic non-obese diabetic (NOD) mice with nicotinamide was found to delay onset of diabetes [2] . Doses in these laboratory models have been consistently higher than those currently applied in man [3] . It is also not known whether the effects of nicotinamide on rodent beta cells can be reproduced in human beta cells. In rat beta cells, protection was induced by giving the agent after the cells had been exposed to cytotoxic compounds such as streptozotocin or hydrogen peroxide [4] . It is therefore attributed to a nicotinamide-induced defence reaction which can be operative during different mechanisms of beta-cell death [4] . The cytotoxic actions of streptozotocin and hydrogen peroxide result in death of isolated rat beta cells within one day [4] . Consequently, cytoprotective effects of nicotinamide have been studied within this short time period. By extending the culture period, we noticed that the initial protection by nicotinamide was partly or entirely lost during the following days. In view of the clinical use of nicotinamide we examined whether this was also the case for human beta cells which had been exposed to peroxide radicals or to cytokines. Diabetologia (1999) Summary Nicotinamide intervention trials are presently undertaken to prevent Type I (insulin-dependent) diabetes in high risk subjects. They are based on studies in rodents reporting nicotinamide protection against beta-cell injury in vitro and in vivo. This study examines whether nicotinamide can protect human beta cells in vitro. At concentrations (2 and 5 mmol/l) to protect rat beta cells against necrosis by streptozotocin or hydrogen peroxide, nicotinamide prevents hydrogen peroxide-induced necrosis of human beta cells. As with rat beta cells, nicotinamide fails to protect human beta cells against apoptosis induced by a combination of the cytokines interleukin1b, interferon-g and tumour necrosis factor-a. In rat beta cells, nicotinamide (2 to 20 mmol/l) was also found to induce apoptosis, in particular during the days following its protection against necrosis; this cytotoxic effect was not observed with human beta cells. These data demonstrate that nicotinamide can protect human beta cells against radical-induced necrosis, but not against cytokine-induced apoptosis. This effect is not associated with a delayed apoptosis as in rat beta cells. [Diabetologia (1999) 42: 55±59] Keywords Nicotinamide, cytokine, islet, insulin, apoptosis, diabetes.
Materials and methods
Preparation and culture of rat and human beta-cells. Pancreatic islets were isolated from adult male Wistar rats, dissociated and sorted into pure single beta cells (purity > 92 %) [4] . The purified cells were seeded in polylysine-coated microtitre cups (3000 cells in 200 ml medium) and cultured in serum-free Ham's F10 medium (Gibco Laboratories, Grand Island, N. Y., USA) with 2 mmol/l L-glutamine, 10 mmol/l glucose and 10 g/l charcoal-treated bovine serum albumin (BSA) (factor V, RIA grade; Sigma, St. Louis, Mo., USA) [4] . Human beta-cell preparations were obtained within the framework of a multicentre programme on islet transplantation in diabetes [5] . Donor pancreata were made available by European transplantation centres in collaboration with Eurotransplant Foundation (Leiden, The Netherlands). The methods for isolation and culture have been described previously [5] . After 6 days culture the islets were dissociated in calcium-free medium containing trypsin and then sorted into viable single cell preparations enriched in beta cells (purity 69 ± 5 %) [4] . One experiment correlates with cells from one rat isolation or cells from one human donor.
Exposure to cytotoxic agents. Stock solutions of streptozotocin (STZ; Sigma) were prepared in 1 mmol/l HCI, hydrogen peroxide (H 2 O 2 ; Merck, Darmstadt, Germany) was dissolved in culture medium. Beta cells were exposed for 15 min to STZ (5 mmol/l) or to H 2 O 2 (100±500 mmol/l) in medium containing 10 mmol/l glucose for rat beta cells and 7.5 mmol/l glucose for human beta cells. They were then washed and cultured on polylysine-coated microtitre cups in medium with or without nicotinamide (Merck and Sigma), 3-aminobenzamide (Sigma) or nicotinic acid (Sigma) (0.2 to 20 mmol/l) for 1, 6 or 10 days. Exposure to the cytokines occurred during 3, 6 or 9 days of culture. Recombinant human IL-1b (200 U/ng; Genzyme, Cambridge, Mass., USA), recombinant murine TNF-a (200 U/ng; Innogenetics, Gent, Belgium), recombinant murine IFN-g (for rat beta-cells; 10 U/ng; Holland Biotechnology, Leiden, The Netherlands) or recombinant human IFN-g (for human beta cells; 48 U/ng; Genzyme) were used at concentrations (50 U/ml IL1b, 1000 U/ml TNF-a and 1000 U/ml IFN-g ) that were previously found to induce apoptosis in human beta cells [6] .
Assessment of necrosis and apoptosis. Under the selected culture and assay conditions, the number of plated cells remained constant between day 1 and day 10 [7] . Dead cells were identified as neutral red negative [7] , as propidium iodide positive or through their fragmented nuclei [8] . In control conditions (i. e. in control cultures in the absence of nicotinamide or cytotoxic agents) the percent of living cells varied, in the rat, from 87 ± 1 % on day 2 till 78 ± 3 % on day 10, and in human preparations, from 83 ± 2 % on day 2 till 62 ± 4 % on day 10. The numbers of viable cells and of cells in necrosis and apoptosis were quantified as described previously [8] . Briefly, cell nuclei were stained simultaneously with the DNA binding dyes Hoechst 33342 (HO 342; Calbiochem Behring, La Jolla, Calif., USA) and propidium iodide (PI; Sigma) [8] . Viable cells were identified by their intact nuclei with blue fluorescence (HO 342), necrotic cells by their intact nuclei with yellow fluorescence (positivity for both HO 342 and PI) and apoptotic cells by their fragmented nuclei, fluorescing either blue (HO 342; early phase of apoptosis) or yellow (HO 342 + PI; late phase of apoptosis with secondary necrosis). At least 500 cells were counted for each condition and in each experiment. For each experiment the necrosis index was calculated with this formula [ 
Results
Effect of nicotinamide on beta cell survival during culture. When rat beta cells were cultured in the presence of different concentrations (0.2, 2, 5 and 20 mmol/l) of nicotinamide, no cytotoxicity was observed after 1 day, but cell death by apoptosis occurred after prolonged exposure to high concentrations (20 mmol/l): after 5 days the apoptosis index was 31 ± 5 % (n = 9, p < 0.001 vs control condition), while the necrosis index was less than 5 %. At lower concentrations (K 5 mmol/l) both indices remained under 5 % (n = 9 for 0.2 and 2 mmol/l, n = 10 for 5 mmol/l). Apoptosis was also induced by 20 mmol/l 3-aminobenzamide (apoptosis index > 95 % after 5 days, n = 6, p < 0.001 vs control condition) but not by 20 mmol/l nicotinic acid (n = 6). In human beta cells, no cytotoxicity was observed after 10 days culture with 20 mmol/l nicotinamide (n = 4) or 20 mmol/l nicotinic acid (n = 4), but apoptosis was induced by 20 mmol/l 3-aminobenzamide (apoptosis index 84 ± 8 %; n = 4, p < 0.01 vs control condition); at 5 mmol/l 3-aminobenzamide (n = 4) no cytotoxicity was noticed. All further experiments were carried out with nicotinamide concentrations up to 5 mmol/l.
Nicotinamide protection against streptozotocin-induced necrosis. Streptozotocin causes necrosis of rat beta cells within 1 day (Table 1) . When the STZ-exposed cells are cultured with nicotinamide, the percentage of necrotic cells is greatly reduced; this cytoprotective effect is stronger at 5 mmol/l nicotinamide than at 2 mmol/l (n = 4, p < 0.01). A similar effect was seen with 3-aminobenzamide but not with nicotinic acid (data not shown). It was, however, noticed that protection was not maintained. During the following days nicotinamide ( (Table 1) . Total beta-cell death in nicotinamide-supplemented media remained lower than in media without nicotinamide. In human beta-cell preparations, the protective effect of nicotinamide was not associated with delayed appearance of apoptotic cells; use of 5 mmol/l 3-aminobenzamide instead of nicotinamide resulted in similar protection without induction of apoptosis (data not shown). Protection decreased with the nicotinamide concentrations, but was still detectable at 0.2 mmol/l nicotinamide (necrosis index after exposure of human beta cells to 200 mmol/l H 2 O 2 in the presence of 5 mmol/l nicotinamide 7 ± 2 % and with 0.2 mmol/l nicotinamide 66 ± 12 %, p < 0.001 and respectively p < 0.01 vs 85 ± 6 % in control conditions without nicotinamide, n = 3).
Failure of nicotinamide to protect against cytokine-induced apoptosis. Culture in the presence of a combination of the three cytokines IL-1b plus TNF-a plus IFN-g induces apoptosis of both rat and human beta cells (Fig. 1, n = 4) . The percentage of apoptotic cells increases with the duration of culture. Addition of 5 mmol/l nicotinamide to the medium did not influence this cytotoxic effect (Fig. 1) . Cytokine exposure of rat beta cells also resulted in necrosis of 20 % of the cells, whether nicotinamide was present or not ( Fig. 1) . No necrosis was induced in human beta-cell preparations (Fig. 1) . Data are expressed as means ± SEM of 4 to 9 independent experiments. Statistical significance of differences with condition without nicotinamide was calculated by two-sided paired t -test. a p < 0.01; b p < 0.001. For each experiment the necrosis and apoptosis index was calculated as described in Methods. Rat beta -cells
Human beta -cells Fig. 1 . Effect of 5 mmol/l nicotinamide (---) on the necrosis and apoptosis index in rat beta-cells (left panels) and in human beta-cells (right panels) cultured in the presence of three cytokines (50 U/ml IL-1b + 1000 U/ml IFN-g + 1000 U/ml TNF-a). The solid lines represent the conditions of cytokines without nicotinamide. Data express means ± SEM of four independent experiments. The apoptosis index, but not the necrosis index, was significantly increased by the cytokines at the three time points in both rat (p < 0.01) and human (p < 0.05 at day 3 and p < 0.001 at days 6 and 9) beta-cell preparations. The presence of nicotinamide did not protect against cytokine-induced apoptosis (p > 0.05). For each experiment the necrosis and apoptosis index was calculated as described in Methods.
Discussion
This study confirms that nicotinamide can protect rat beta cells which have been exposed to streptozotocin or to hydrogen peroxide. In its absence the majority of cells die by necrosis within 1 day. At 2 and 5 mmol/l nicotinamide dose-dependently prevents this rapid cell death. In this concentration range nicotinamide is a poor radical scavenger but an inhibitor of poly (ADP-ribose) polymerase (PARP) [9] . A similar protection was obtained with 3-aminobenzamide but not with nicotinic acid, supporting an action through inhibiting this nuclear enzyme. It is assumed that DNA damage by streptozotocin or by hydrogen peroxide leads to PARP-activation which will increase nicotinamide adenine dinucleotide (NAD) consumption; rapid depletion in NAD is expected to compromise ATP production to such an extent that membrane functions cease and cells lyse [9] . Preservation of cellular NAD is thought to prevent cell lysis. Both nicotinamide and 3-aminobenzamide were found to inhibit PARP with a 50 % effect at, respectively, 100±200 and 5±30 mmol/l [9] . In our experiments, 10 to 50-fold higher nicotinamide concentrations were needed (2 and 5 mmol/l) to prevent necrosis of rat beta cells suggesting that this also depends on additional mechanisms. Since intracellular concentrations of the benzamides are close to the extracellular ones, it is conceivable that their protective effect also requires inhibition of mono(ADP-ribosyl) transferases, for which 100-fold higher concentrations are needed. The latter enzymes interact with mitochondrial channel proteins and may therefore influence mitochondrial functions. Addition of nicotinamide to insulted beta cells could thus prevent their rapid necrosis through preservation of the cellular NAD and ATP levels, but the surviving cells might be suppressed both in their DNA repair mechanisms and in their mitochondrial functions and could therefore become more susceptible to apoptosis. It was noted that culture of control cells with high nicotinamide concentrations (20 mmol/l) resulted in the appearance of apoptotic rat beta cells. Since many reported effects on rodent islets were obtained with nicotinamide concentrations of 10 to 50 mmol/l, it seems likely that they also include induction of apoptosis [10, 11] . Nicotinamide also protects human beta cells against necrosis induced by hydrogen peroxide. Complete protection was achieved at 5 mmol/l nicotinamide, a concentration which did not cause a delayed apoptosis as with rat beta cells. Furthermore, untreated human beta cells did not become apoptotic when exposed to high (20 mmol/l) nicotinamide concentrations. Only a 10 day exposure to the more potent 3-aminobenzamide compound resulted in apoptosis. Human beta cells seem thus more resistant than rat beta cells to apoptosis induction by nicotinamide. The reasons for this difference are still not known.
We previously reported that a combination of three cytokines, namely IL-1b plus TNF-a plus IFN-g, induced apoptosis of human beta cells over a 9 day culture period [6] . It is now known that nicotinamide does not protect against cytokine-induced apoptosis of rat or human beta cells. This finding is consistent with the observation that nicotinamide did not prevent the reduction in DNA content of human islets exposed for 6 days to the combination of IL-1b, TNF-a and IFN-g [11] . In rat beta cells exposure to the combination of IL-1b plus TNF-a plus IFN-g also induced necrosis. The percent of necrotic cells was the same, whether nicotinamide was present or absent from the culture medium. In animal models of autoimmune diabetes beta cells seem to disappear through apoptosis [12] . If cytokines are directly responsible for this process, then intervention treatment with nicotinamide cannot be supported by the present data. If other factors cause beta-cell apoptosis in vivo, it will be necessary to examine whether nicotinamide has any protective effect against their destructive nature.
Preliminary data in man were indicative for a protective effect in individuals at high risk for developing the disease. The doses used in current prevention trials reach circulating concentrations of nicotinamide of 0.1 to 0.3 mmol/l [3] . At these concentrations only a 20 % protection was seen in vitro against hydrogen peroxide induced necrosis of human beta cells. Tenfold higher concentrations were needed to achieve over 50 % protection. It is, however, not excluded that the lower nicotinamide concentrations are more effective in vivo where beta-cell necrosis might occur less acutely than during in vitro exposure to hydrogen peroxide. In more general terms, the present data should be interpreted with caution as to their relevance to prevention trials in human diabetes. While in vitro studies on dispersed and purified beta-cell preparations can help clarify effects of single interactions with the beta cells, they are less informative for the in vivo process occurring in intact islet tissue. The structural organisation of the islet tissue as well as the multiplicity of interacting factors can indeed modify the relative importance of single in vitro events. A beter understanding of mechanisms at the cellular level can, however, help the dissection and understanding of in situ processes which are difficult to investigate in vivo.
